Using molecular dynamics simulations with semi-empirical potentials, we demonstrate a method to fabricate carbon nanotubes (CNTs) from graphene nanoribbons (GNRs), by periodically inserting appropriate structural defects into the GNR crystal structure. We have found that various defect types initiate the bending of GNRs and eventually lead to the formation of CNTs. All kinds of carbon nanotubes (armchair, zigzag, chiral) can be produced with this method. The structural characteristics of the resulting CNTs, and the dependence on the different type and distribution of the defects, were examined. The smallest (largest) CNT obtained had a diameter of ∼5 Å (∼39 Å). Proper manipulation of ribbon edges controls the chirality of the CNTs formed. Finally, the effect of randomly distributed defects on the ability of GNRs to transform into CNTs is considered.
Introduction
Carbon nanotubes (CNTs) and more recently graphene are two carbon allotropes that have attracted a lot of interest due to many possible applications they can offer [1] [2] [3] . Graphene nanoribbons (GNRs) are now able to be produced in a well-controllable manner [4] . Different fabrication methods have been reported to produce GNRs, such as reduction of graphite oxide [5] , chemical vapor deposition [6] , lithographic methods, and plasma etching [7] [8] [9] [10] . More recently, it was demonstrated that GNRs with submicrometer precision can be fully manufactured in a controlled reproducible fashion inside a transmission electron microscope [11] . Also, a scalable method based on chemical vapor deposition for the direct growth of well-defined graphene nanoribbons of width ∼20 nm on SiO 2 substrates has been reported [12] . The width of the graphene nanoribbons is defined by the thickness of the catalyst film, therefore avoiding the diffraction limit of conventional optical lithographic methods. Finally, a bottomup approach based on thermally induced polymerization of suitable precursor molecules has succeeded in fabricating atomically precise nanoribbons [13, 14] .
Alternatively, the fabrication of GNRs from CNTs has been studied [15] . The possibility of forming CNTs from GNRs has recently been explored. In a computational study, carbon nanotubes were fabricated directly from graphene nanoribbons by means of twisting [16] . The authors found that the CNTs produced were pristine, provided that the twisted nanoribbons had smooth edges. The experimental realization of thermally induced synthesis of carbon nanotubes through the twisting of GNRs has been reported very recently [17] . Here, we examine the possibility of creating CNTs from GNRs with artificially made defects. By inserting defects into specific sites of the GNR, an inflection process is initiated, transforming the GNRs into CNTs. Defects in graphene have been investigated both theoretically and experimentally. Different defect types, such as Stone-Wales defects and bivacancies, have been studied with density functional calculations, focusing on their chemical activity [18] . The electronic properties and the out-of-plane deformation of topological defects in graphene have been explored with ab initio calculations [19] . The effect of grain boundaries, made with pentagon-heptagon defects, on the strength of graphene was studied using molecular dynamic simulations [20] . In another computational study, four fundamental dimer manipulations were used to produce a variety of defect structures in graphene [21] . Experimentally, alternating Stone-Wales and bivacancy defects were introduced in an epitaxial layer of graphene on a nickel substrate [22] , to create an extended defect made of paired pentagons and octagons (inverse Stone-Wales defects). Moreover, by using an aberration-corrected transmission electron microscope, bivacancies and larger disordered structures were produced and imaged within a 10 × 10 nm 2 region of graphene [23] .
Methods

Molecular dynamics simulation details
Molecular dynamics simulations at T = 300 K were mainly performed with the XMD code [24] using the Tersoff potential [25, 26] for the C-C interactions. The same method with XMD has been used in a previous study for calculation of the phonon density of states of graphene structures [27] . Many of the results obtained have also been reproduced with the LAMMPS code [28] using either the Tersoff potential [25, 26] for the C-C interactions or the adaptive intermolecular reactive empirical bond order (AIREBO) potential [29] for the C-H and C-C interactions. The results produced by LAMMPS were visualized with the VMD code [30] . Whenever we present results produced in LAMMPS, it will be explicitly mentioned.
A box containing a graphene nanoribbon with up to ∼3000 atoms has been used, and periodic boundary conditions have been applied at the edges of the box. In the direction perpendicular to the graphene nanoribbon (z-axis), there is a 50 nm thick layer of empty space. Between the edges of the graphene nanoribbon and the edges of the simulation box (x-axis and y-axis) there was a 50 nm empty space as well. Therefore, essentially the GNR could move freely within the box. This allowed us to observe the behavior of the GNR's edges. Our simulations took place in the canonical ensemble (NVT) in both XMD and LAMMPS codes. In XMD, the temperature was held constant with a velocity rescaling algorithm, using the software's thermostat with the recommended settings. For more details see [24] . In LAMMPS, the Nose-Hoover thermostat was considered, with the atom velocities being rescaled every 0.1 ps (∼167 time steps).
In order to stabilize the engineered defects within the GNR, initially we performed an energy minimization procedure for 1500 time steps with a time step of 0.6 fs. After the minimization we performed molecular dynamics simulations for about 10 5 time steps (60 ps), at a temperature equal to 300 K. Typically in our simulations the CNTs obtained are formed in a timescale ranging from a few picoseconds up to 25 ps, depending on the width of the GNRs. We also performed simulations for many of our results using different realizations (random seeds of velocity distribution) to check their reproducibility. For convenience, the various coordinates and lengths in our simulations are measured in units of L 0 . L 0 is equal to the distance between two neighboring carbon atoms, so it is effectively 1.421 Å, as in pristine graphene. It should be noted that the Tersoff potential overestimates L 0 by ∼2.6% while the AIREBO potential underestimates L 0 by ∼1.8%.
Types of defects
In this study, we examined defects formed either within or outside the graphene plane. The 'in-plane' defects (like Stone-Wales defects [31] , bivacancies, and impregnation with Si dopants [27] ) were not able to inflect the graphene layer; thus they could not form CNTs. On the other hand, 'out-of-plane' defects such as adatoms [32, 33] , inverse Stone-Wales defects, and blisters [21, 34] , could controllably inflect the GNRs, thus forming CNTs. From now on, the three aforementioned out-of-plane types of defect will be referred as type-A, type-B, and type-C defects, respectively.
The type-A engineered defects represent a category of adatoms and molecules which form bonds in between neighboring carbon atoms (figure 1(a)) [32, 33] . In order to computationally design such defects, initially, two neighboring carbon atoms (green, in figure 1(a)) were moved apart by 0.2L 0 each and ±0.4L 0 perpendicularly to the graphene plane. Then an additional carbon adatom (orange, in figure 1(a)) was placed in the middle of the neighboring atoms, at ±1.3L 0 from the graphene plane. The '±' sign signifies whether the defect is engineered on the top or the bottom side of the graphene lattice; thus there are two possible configurations, 'up' and 'down', with equal energy. After the adatom was inserted, the distance between the two initial carbon neighbors was measured to ∼1.6L 0 , indicating that the bond was broken. We have also reproduced the same effect with the AIREBO potential with LAMMPS, by adding C-H molecules instead of plain C atoms at the defect sites. Other elements or molecules might be able to show similar phenomena.
Type-B defects are quite similar to type-A defects, where now, instead of single atoms, carbon dimers were added to each defect site, as shown in figure 1 (b), resulting in inverse Stone-Wales (ISTW) defects. ISTW defects have been studied extensively [21, 35] , and they have also been observed experimentally [22, 23] . The method we used to computationally design such defects is similar to that of type A. The distance between the initial carbon neighbors was measured to be ∼1.8L 0 after the defect was inserted, indicating that the C-C bonds were broken.
In order to construct type-C defects (see figure 1 (c)), we replaced four neighboring carbon atoms (black atoms) with a carbon ring having six atoms (orange atoms), at ±1L 0 from the lattice. Before the addition of the carbon ring, the atoms shown in figure 1(c) in green were moved by ±0.3L 0 perpendicularly to the GNR plane. Such defects can equivalently be formed by combining a single and an inverse Stone-Wales defect [21] . As in the case of type-A defects, there are two possible configurations, 'up' and 'down', with equal energy for type-B and type-C defects as well.
Defects of type A and type B can have three different orientations, as shown in figure 1(d), since, from any hexagonal center, one can draw three discrete lines parallel to zigzag directions in graphene. In contrast, type-C defects exhibit no orientation when they are isolated, as they are symmetrical along every zigzag direction. In order to produce a notable inflection to the graphene layer, the engineered defects should share the same orientation. Most of the simulations presented below display GNRs with inflection of the GNR layers along the armchair direction (y-axis of figure 1(d) ), thus producing armchair and sometimes chiral CNTs. In this case, the defects were designed to have their orientation parallel to the x-axis of the GNR in the zigzag direction (see figure 1(d), green line). However, it is also possible to inflect GNRs along the zigzag direction, as is showcased by two example cases (see figure 5 ), thus producing zigzag CNTs. Finally, it should be noted that all kinds of defect (types A, B, and C) were found to be stable at higher temperatures; this was checked by additional simulations performing thermal annealing at 1100 K.
Characterization of defect distribution
The defects are regularly placed and their periodic distribution in each case is characterized by three parameters: (dx, dy, n) as 3L 0 (second-neighbor distance) while dy is in units of L 0 (first-neighbor distance). The parameter n represents the number of defect lines along the y-axis.
shown in figure 2. The parameter dx represents the separation distance between the defects along the x-axis in units of √ 3L 0 (second-neighbor distance in graphene), and dy is the separation distance of the defects along the y-axis, in units of L 0 (first-neighbor distance). The parameter n represents the number of defect lines along the y-axis. It should be noted that the perimeter of the obtained CNTs is equal to the width of the initial GNRs.
Since the graphene nanoribbons contain n lines with engineered defects, separated by dy, the width of each graphene nanoribbon (W GNR ) and the perimeter of each obtained CNT (P CNT ) are given by P CNT = W GNR = dy * n (apart from some specific cases considered in section 3.5, with a slightly different width explicitly mentioned therein). The longitudinal dimension of the starting nanoribbons and the resulting nanotubes is parallel to the x-axis of the simulation box and has a length of about 50L 0 by default. The same assignment will be used for all defect types in the present study. We note that for type-A and type-B defects the surface coverage is less than 8% (concentration 3.2 × 10 18 cm −2 ), for all structures discussed here.
Results and discussion
Inflection angle induced by a single defect line
Initially, one line of type-A and type-B defects along the x x direction of the GNR is considered. To calculate the inflection angle produced by a single line with defects we used a nanoribbon with a width equal to 36L 0 along the y-axis. This line of defects causes an inflection of the graphene layer along the y y direction, as is shown in figures 3(a) and (b). The closer the distance between those defects in the line, the higher the inflection. This is quantitatively presented in figure 3(c), where the angle of inflection of the graphene ribbons is plotted as a function of the separation distance between the defects, dx, in units of √ 3L 0 . These results were obtained using the LAMMPS code with the Tersoff potential. The inflection angle was measured at the area near the center of the GNRs, and it reached values of ∼75 • and ∼65 • for type-B and type-A defects, respectively, which is the maximum inflection for each case. For a separation distance of dx = 2, type-B defects would slightly inflect the GNR towards the x x direction instead of the y y direction, due to the fact that the defect sites heavily interact with each other in this case. This structure is similar to a minimal ribbon of Octite M2 within graphene according to [21] or a 'metallic wire' [22] . Similar results were obtained using the AIREBO potential implemented in the LAMMPS code, presenting exactly the same distance dependence as in figure 3 (c). The only difference was that the inflection angle was shifted to lower values, by 5 • -10 • in the case of type-A defects and 15 • -20 • in the case of type-B defects.
In contrast to the cases of type-A and type-B defects, a single line of type-C defects showed no significant inflection of the GNR. However, by applying two or more lines of type-C defects separated by dy = 3L 0 along the y-axis, the GNR was inflected along the y y direction. By increasing the number of lines of any type of defect along the y-axis, one can construct nanotubes with different diameters. Figure 4 shows cases with type-A engineered defects having different values of (dx, dy, n). An interesting characteristic of the resulting CNTs is their polygon-like cross-section. The inflection of the CNT occurs at the defect's lines so the cross-section of a CNT with 4, 5, . . . , n lines of defects should resemble a square, pentagon, . . . , n-gon, respectively, with the number of sides equal to n and the length of each side equal to dy. The average diameter D CNT of the nanotube, when successfully formed, can be calculated as the average of the diameter of circumscribed circle and the diameter of the inscribed circle:
Type-A defects
The smallest-diameter CNT produced in this case, shown in figure 4(a), was for (dx, dy, n) = (3, 3, 4), with a diameter of ∼5 Å (equation (1)), just 2 Å larger than the smallest-possible CNT that can be formed [36] . By increasing n and dy, nanotubes with larger diameters were obtained. Figure 4 (b) shows a case of (dx, dy, n) = (3, 6, 13), where the edges of the graphene layer along the y-axis do not match upon closing. Instead, the defects in the last lines before the edges are bonded together, resulting in a scroll-like structure. This failure is due to the over-inflection of the graphene layer. One way to overcome this fabrication drawback is to increase dx (from 3 to 5), thus decreasing the inflection angle. According to figure 3(c), the angle of inflection for each line of defects would be ∼30 • for dx = 5, instead of ∼50 • for dx = 3, corresponding to significantly smaller bending of the graphene layer. Simulations for n = 13, dx = 5, and dy = 6, indeed show that a nanotube can be formed, with a diameter of ∼35 Å (see figure 4 (c)). Note that the CNT in figure 4(c) is slightly chiral. The largest-diameter CNT that we have produced with type-A defects was for (dx, dy, n) = (3, 18, 5), with its diameter equal to ∼39 Å (not shown). It should be possible to construct larger CNTs as well. Similar results were produced using different realizations with different initial velocity distributions. Small-diameter CNTs are quite reproducible, while in the case of larger ones sometimes the GNR's edges may shift slightly, like in the case of figure 4(c) (see the red boxes as well as the relevant discussion in section 3.5). Simulating the structures for lower temperatures (as was checked at T = 150 K) can sometimes improve the reproducibility.
These phenomena were also observed using the AIREBO interatomic potential for the C-C interactions in LAMMPS. In this case we also ran simulations with much longer GNRs (with length around 200 nm, consisting of about 33 000 atoms), and we found that CNTs can be successfully formed as well (see figure S1 in supplementary material available at stacks.iop. org/JPhysCM/26/125301/mmedia). Also, simulations starting from GNRs with non-ideal edges have shown that CNTs could be formed even in this case, although they exhibit holes in the places where they close (see figure S2 in supplementary material available at stacks.iop.org/JPhysCM/26/125301/mm edia).
A difference between the CNTs obtained with type-A defects and conventional CNTs is the large number of dangling bonds due to adatoms. Those carbon atoms can easily create bonds with other substances, resulting in rather sticky CNTs. This property could be eliminated by passivating the CNT with hydrogen atoms. Indeed calculations with the AIREBO potential show that CNTs with hydrogen-passivated type-A adatoms are stable. In figure 4(d) , a CNT formed with type-A C-H molecules is displayed, with a diameter of ∼13 Å. The dangling atoms are hydrogen atoms.
As has already been mentioned, with this method it is also possible to inflect the GNRs along the zigzag direction, thus producing zigzag CNTs. This is showcased at figure 5 by two example cases with type-A defects. In the case of figure 5(a) , the configuration of the defects followed an alternating pattern along the x-axis, similar to the red and blue lines at figure 1(d) . This pattern was then repeated along the y-axis every 6L 0 (3, 6, 4) , (c) (4, 6, 6), (d) (5, 6, 6) , and (e) (4, 12, 5) . In cases (a), (b), (d), and (e) the GNRs were transformed successfully into CNTs. In case (c), the GNR was over-inflected, so instead of a CNT a scroll-like structure was formed. On the right, cross-sections of the corresponding CNTs are displayed. The scale in each panel is indicated in the corresponding scaling bar. units (this can be seen clearly in the zoomed area), resulting in a zigzag CNT with a diameter of ∼16 Å. In the case shown in figure 5(d) , the configurations were alternated along the y-axis, and then the same pattern was repeated along x-axis every 3 √ 3L 0 units. This case then resulted in a zigzag CNT, and the diameter was ∼16 Å. Figure 6 presents the final structures for some of the studied cases with type-B defects (as shown in figure 1(b) ). The smallest-diameter CNT produced in this case (see figure 6(a)) was for (dx, dy, n) = (3, 6, 3), having a diameter of ∼8 Å (equation (1)). On increasing the value of n to 4 and 5 for the same values of dx and dy, CNTs were also formed ( figure 6(b) ). By increasing n even more, for dx = 3 as well as for dx = 4, the GNR is over-inflected (see figure 6 (c) for the case (dx, dy, n) = (4, 6, 6)), similar to the case of figure 4(b) , resulting in a scroll-like structure. As with type-A defects, increasing the value of the parameter dx (from 4 to 5) lowers the inflection angle (see figure 3 (c)), so for (dx, dy, n) = (5, 6, 6) a CNT was successfully formed, as shown in figure 6(d) . The largest CNT obtained in this case was for (dx, dy, n) = (4, 12, 5), around 26 Å in diameter (figure 6(e)).
Type-B defects
As discussed earlier, these kinds of defects have two possible configurations with equal energy. In the first configuration the two additional carbon atoms are on the top, and in the other they are on the bottom surface of the graphene sheet. In this case the energy required to shift between the Figure 7 . Nanotube structures resulting from graphene layers with type-C engineered defects for (dx, dy, n) equal to (a) (3, 3, 6), (b) (3, 3, 15) , and (c) (3, 3, 17) . In (c), the edges of the GNR do not match properly due to a slight over-inflection. two configurations is relatively small, so the defects would sometimes be transferred to the opposite side of the lattice during the simulation. This may disrupt the successful formation of CNT, resulting in lower reproducibility of the simulations with these types of defect. There is clear evidence of the existence of regions with outwards inflection as in the (dx, dy, n) = (3, 6, 4) case (see red boxes in figure 6(b) ). It should be mentioned that two configurations ('up' and 'down') with the same energy exist for the type-A defects as well. However, similar phenomena do not appear in the case of type-A defects, indicating that the energy barrier between those equal energy configurations is much higher. Therefore, if the type-A adatoms were all placed at the top surface of graphene, they would stay on the same side.
It has also been found that, for type-B defects, dy must be higher than or equal to 6; otherwise, the GNRs cannot form CNTs. For dy equal to 3, the neighboring defects along the y y direction tend to stay on opposite sides of the graphene layer, effectively canceling the inflection tendency of each other, thus making the folding of the GNR impossible. As already mentioned, producing CNTs with type-B defects shows lower reproducibility due to that configuration shift between the two sides of the graphene layer (especially for higher diameters). In some cases the reproducibility can be improved by lowering the temperature, as was checked for 150 K.
Type-C defects
Examined cases with type-C defects (see figure 1 (c)) are presented in figure 7 . We observe that for dy > 3 CNTs were unable to form using these defects. As we discussed earlier (see section 3.1) single lines with type-C defects would not inflect the GNRs. By placing the lines of defects at small separation distances along the y-axis (dy = 3), the GNRs would inflect towards the y y-axis; thus CNTs were able to form. Also, for dy = 3, the barrier between the two type-C configurations ('up' and 'down') is sufficiently high enough that defects with The smallest fabricated CNT that we got in this case was for (dx, dy, n) = (3, 3, 6), having a diameter of ∼8 Å ( figure 7(a) ). The CNT obtained for (dx, dy, n) = (3, 3, 15) exhibits an elliptical cross-section (see figure 7 (b)), having an approximate diameter of ∼21 Å. For higher values of n, the GNRs started to over-inflect, as is shown in the cross-section of figure 7(c), for n = 17. CNTs obtained with type-C defects exhibit an interesting structure, as they are composed of pentagons, hexagons, and heptagons. A shortcoming of type-C defects is that the CNTs produced are limited to relatively small diameters due to the small value of dy needed for the stable formation of the nanotube.
Chirality control
The chirality of the fabricated CNTs can be controlled to some extent by manipulating the edges of the original graphene layer. If the edges of the original GNR are symmetrical (compare the edge atoms in red boxes in figure 8(a) ) as in all previous cases, then usually no chirality is observed (apart from some realizations in cases of ribbons with large widths; see below). On the other hand, if the edges of the GNR are asymmetrical (compare the edge atoms in red boxes in figure 8(b) ), then they need to shift along the x-axis by √ 3/2L 0 in order to match, thus providing chirality to the fabricated CNT. For example, in the case of figure 8(a) (GNR with symmetrical edges) the green atom labeled as (1) will most likely form a bond with the other green atom labeled as (2) , while in the case of figure 8(b) (GNR with asymmetrical edges) the atom labeled as (1) will bond either with atom (2) or atom (3), thus shifting the GNR edge by x = ± √ 3/2L 0 . The chirality θ c of the corresponding CNT can be given by the expression
where x is equal to √ 3/2L 0 , and W GNR is the width of the initial GNR. A chirality of θ c = π 6 corresponds to armchair CNTs, while θ c = 0 corresponds to zigzag CNTs.
In figures 8(c) and (d) we present CNTs produced by nanoribbons with the same (dx, dy, n) = (3, 6, 5), but with symmetric and asymmetric edges, respectively. In the former case, the width of the starting nanoribbon is W GNR = 5 * 6L 0 = 30L 0 , while in the latter one it is W GNR = 5 * 6L 0 + 1.5L 0 = 31.5L 0 . The CNT shown in figure 8 (c) has a chirality of θ c = π 6 (armchair CNT). However, figure 8(d) clearly shows a chiral pattern, and the CNT has a chirality of θ c = 28.43 • (equation (2)).
It should be noted that some realizations, in cases of GNRs with symmetrical edges (especially when their width is large), show that the ribbon's edges can spontaneously shift by x = √ 3L 0 , leading thus to chiral CNTs. This was the case of figure 4(c), where the resulting CNT has a chirality of 28.73 • , in agreement with equation (2) for x = √ 3L 0 and W GNR = 6 * 13L 0 .
Randomly distributed defects of type A
Besides periodically induced defects, we have also examined cases where x x-oriented defects of type A (see section 2.2) were randomly distributed in the lattice, as shown in the example of figure 9(a). Each case was simulated several times with differently distributed random positions of defects of GNR lattice. The reproducibility of each case depends on two parameters: the density of the engineered defects and the width of the initial GNR. It was found that the inflection of the GNR increases with the concentration of the engineered defects; thus a high concentration of defects is needed in order to fabricate small-diameter CNTs. The opposite is true for larger-diameter CNTs. Figures 9(b)-(d) demonstrate results for the cases of GNRs with W GNR = 30L 0 and various concentrations of type-A defects. For defects with surface coverage up to 3%, the GNRs are under-inflected in most realizations, so they could not close into CNTs (see figure 9(b) ). For defects with surface coverage between 4 and 8%, the GNRs were transformed into CNTs with high reproducibility (see figure 9 (c)), while for surface coverage of 9% and more the GNRs were over-inflected (see figure 9(d) ); thus scroll-like structures were usually formed (similar to the cases of figures 4(b) and 6(c)). The smallest-diameter CNT produced in this way was of ∼8 Å in diameter, with W GNR equal to 18L 0 and 9.5% surface coverage of type-A adatoms, while the largest-diameter CNT was of ∼24 Å in diameter, with W GNR equal to 54L 0 and 2.7% surface coverage of adatoms. Since the cross-sections of the CNTs were circular in this case, Figure 9 . (a) An example of a GNR with W GNR = 12L 0 and 6% surface coverage of randomly distributed type-A adatoms (the initial configuration is shown). Final configurations of GNRs with W GNR = 30L 0 and a surface coverage of randomly distributed type-A adatoms equal to (b) 3%, (c) 5%, and (d) 9%. In case (b), the inflection was not sufficient to form a CNT. In case (c), an armchair CNT was formed. In case (d), the GNR was over-inflected, so, instead of a CNT, a scroll-like structure was formed.
the diameters of the CNTs were simply calculated using the relation D CNT = W GNR π . Similar effects were observed with randomly distributed type-B defects as well (see figure S3 in supplementary material available at stacks.iop.org/JPhysCM/26/125301/mmedia). In contrast, GNRs with randomly placed type-C defects cannot be transformed into CNTs. This is expected since, as mentioned above (see section 2.2), type-C defects do not present any preferential orientation when they are isolated.
Conclusions
Using molecular dynamics calculations, the formation of CNTs obtained through GNRs with engineered structural defects was studied. Both in-plane and out-of-plane defects were examined, but only the out-of-plane ones led to the formation of CNTs. Armchair, zigzag, and chiral CNTs can be produced in this way.
Just one line of type-A or type-B defects along the x-axis of a GNR produced a stable controllable inflection of the nanoribbon along the armchair direction. It was found that type-B defects inflect the graphene layer more than type-A defects, while for both kinds the inflection angle increases as the density of the defects along the line increases.
By adding more lines of periodically engineered defects, the GNRs were transformed into CNTs. On changing the parameters of the defect distribution, CNTs with various structural characteristics were produced. Chiral CNTs were also formed by manipulating the edges of the original graphene sheet.
Type-A defects were able to form stable CNTs, with the largest one obtained here having a diameter of ∼39 Å, and the smaller one a diameter of ∼5 Å. CNTs formed with type-B defects had a diameter between ∼8-26 Å, though they were less likely to form due to the existence of two configuration states ('up' and 'down') with low barrier energy. The last type of defect studied (type C), was also able to form CNTs, with diameters of ∼8-24 Å. GNRs with random distribution of x x oriented type-A defects were also able to produce CNTs of ∼8-20 Å in diameter, with their reproducibility depending on the density of the randomly inserted adatoms and the width of the initial GNR.
